In previous studies, we applied reluctance network analysis (RNA) to the dynamic analysis of the induction motor. However, the accuracy of our analysis of the motor characteristics using the RNA model was not high because the detailed magnetic flux distribution in the rotor was not taken into account. In this paper, we propose a 3D RNA model that considers the detailed magnetic flux distribution in the rotor and skew of the rotor bar. Using the proposed RNA model, the winding currents of the induction motor under no-load and locked rotor conditions can be calculated with higher accuracy than with the previous RNA model.
Introduction
In Japan, the proportion of thermal power to the total amount of power used has become large since most of the nation's nuclear power plants have ceased operation. The proportion of fossil energy to total energy in Japan was about 90% as of in 2011, and most of the fossil fuels were imported. It has been pointed out that the stable supply of future power in Japan will not be easy (1) because the power consumption of the world is increasing due to population growth and economic growth in emerging countries.
Therefore, improving the efficiency of motors used in various applications is strongly required. Of particular interest are induction motors, which are used in extensive applications ranging from large industrial equipment to compact household appliances.
To improve the efficiency of such motors, a high-precision calculation method of the motor characteristics of all potential materials and dimensions is required. The finite element method (FEM) has generally been used for electromagnetic devices in the past, but for dynamic analysis of the induction motor, a great deal of computing time and memory are required.
Therefore, in a previous work the authors applied reluctance network analysis (RNA) to the dynamic analysis of the induction motor (2) .
In the current work, we present an analysis of the accuracy improvement of the dynamic characteristics of the induction motor based on RNA considering the detailed magnetic flux distribution and skew of the rotor.
Capacitor motor (single-phase induction motor)
〈2･1〉 Structure and principles of the capacitor motor
The basic circuit of the capacitor motor is shown in By connecting C r , the phase difference between the auxiliary and main winding currents is almost 90 degrees. As a result, the rotating magnetic field is generated around the squirrel cage rotor, and the motor generates a driving torque.
〈2･2〉Specifications of analysis object
The test motor is a capacitor start-type capacitor run motor (SKD-DBKK8) made by Toshiba. Its specifications and dimensions are listed in Table 1 . The main winding and auxiliary winding are both distributed windings. Table 2 show the arrangement and number of turns, respectively (2) . 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23   24   25   26   27   28   29   30   31   32  33  34 35 it is possible to use a general-purpose circuit simulation program such as SPICE.
We explain the flow of construction of the RNA model of the capacitor motor below.
〈3･2〉RNA model of stator (3) The cross section of the capacitor motor is roughly composed of a stator, a rotor, and the air gap, as shown (2) .
〈3･3〉RNA model of the rotor (3) The rotor of the capacitor motor used in this paper is the squirrel cage rotor. It has 44 slots in the circumferential direction, so we divide the rotor into 44 parts in the circumferential direction, as shown in 〈3･4〉Driving expression of the rotor (4) In an earlier work (5) , 
where  is the rotating angle of the rotor. 
where i r1 and i r8 are the electric currents calculated by the electric circuit model. 4. 3-dimensional RNA model (5) 〈4･1〉New RNA model of the rotor As described in <3.3>, the previous RNA model of the rotor in Fig. 8 
〈4･2〉 Driving expression of new RNA model
Here, we consider the magnetic flux  r passing through the rotor core. In the previous model (Fig. 8) , all  r passed through the rotor core. In contrast, in the model proposed here (Fig. 11) ,  r flows in both the rotor core and the conductor bar. In other words,  r ' passes through the rotor core between the conductor bars.
We calculate  r ' on the rotating state as follows. ① Flux  r can be given by using Fig. 10 (a) : it flows from the stator to 1/44 of the rotor model (Fig. 11) .
② However, the magnetic flux  r ' flowing between the conductor bars is different from  r . For this reason, we use another RNA model to calculate  r ' from  r (Fig. 12) . 
〈4･3〉Consideration of skew Figure 18 shows the change of Im, and Ia to slip s. As we can see in figure, there is good agreement around the synchronous speed. However, the error of the main winding current is increased with the increase of slip s.
Twenty cycles of computation took about 30 minutes with the locked rotor, and about one hour in the rotational state. Fig. 18 Load characteristics of motor.
Conclusions
We proposed a 3D RNA model that considers the However, the calculation error of the main winding current of the motor with load became large in the low speed area. Therefore, in our future work we intend to improve the accuracy of the load characteristics of the induction motor to apply the proposed method to induction motor design.
